Homeowners, small fruit growers, and wine makers are concerned with noxious compounds released by multicolored Asian ladybird beetles (Harmonia axyridis, Coleoptera: Coccinellidae). A new method based on headspace solid-phase microextraction (HS-SPME) coupled with multidimensional gas chromatography-mass spectrometry-olfactometry (MDGC-MS-O) system was developed for extraction, isolation and simultaneous identification of compounds responsible for the characteristic odor of live H. axyridis. Four methoxypyrazines (MPs) were identified in headspace volatiles of live H. axyridis as those responsible for the characteristic odor: 2,5-dimethyl-3-methoxypyrazine (DMMP), 2-isopropyl-3-methoxypyrazine (IPMP), 2-sec-butyl-3-methoxypyrazine (SBMP), and 2-isobutyl-3-methoxypyrazine (IBMP). To the best of our knowledge this is the first report of H. axyridis releasing DMMP and the first report of this compound being a component of the H. axyridis characteristic odor. Besides the MPs, 34 additional compounds were also identified. Quantification of three MPs (IPMP, SBMP and IBMP) emitted from live H. axyridis were performed using external calibration with HS-SPME and direct injections. A linear relationship (R2 > 0.9951 for all 3 MPs) between MS response and concentration of a standard was observed over a concentration range from 0.1 ng L−1 to 0.05 μg L−1 for HS-SPME-GC-MS. The method detection limits (MDL) based on multidimensional GC-MS with narrow heart-cut approach for three MPs were estimated to be between 0.020 and 0.022 ng L−1. This represents a 38.9-52.4% improvement in sensitivity compared to GC-MS with full heart-cut method. This methodology is applicable for in vivo determination of odor-causing chemicals associated with emissions of volatiles from insects.
38.9% to 52.4% improvement in sensitivity compared to GC-MS without heart-cut 36 method. This methodology is applicable for in vivo determination of odor-causing 37 chemicals associated with emissions of volatiles from insects. volumetric flask, sealed with parafilm and covered with aluminum foil to avoid photo-112 degradation [27] . All the solutions were stored in dark at 4 º C until use. Ultrapure-grade 113
water from a high purity water system (Culligan Water Conditioning, Lexington, KY, 114 USA) with conductivity 18 MΩ was used in all cases. Standard solutions used in further 115 studies were prepared fresh by diluting different amounts of the standard solution with 116 pure water to the required concentrations. The external calibration standard solutions 117 ranged from 0.1 ng L -1 to 0.05 µg L -1 and were made by dilution of the stock solutions in 118 water using optimized HS-SPME conditions. A certain volume of the standard solution 119
were placed in 40 mL vials with a stir bar (Fisher Scientific, Pittsburgh, PA, USA) and 120 prefilled with 20 mL of pure water and 3 g NaCl from Sigma-Aldrich (St. Louis, MO, 121 USA). The HS-SPME extractions were preformed at 25 ºC with 24 h extraction time and 122 constant stirring. Samples were run in triplicates. 123 124
Isolation of characteristic odorants with MDGC-MS-O system 125 Multidimensional GC-MS-olfactometry (MDGC-O) system (Microanalytics, Round 126
Rock, TX, USA) built on a 6890N GC / 5973 MS platform (Agilent Inc., Wilmington, 127 DE, USA) were used for all analyses. This system allows for the simultaneous 128 identification and analysis of chemicals and corresponding odors. The system wasequipped with two columns in series connected by a Dean's switch. 10 min hold; carrier gas, GC-grade helium. The GC was operated in a constant pressure 140 mode where the mid-point pressure, i.e., pressure between pre-column and column, was 141 always at 5.8 psi and the heart-cut sweep pressure was 5.0 psi. The FID connected to the 142 pre-column was maintained at 280 °C with a H2 flow rate of 35 mL min -1 , an air flow rate 143 of 350 mL min -1 , and the makeup N2 flow rate of 10 mL min -1 . The FID data acquisition 144 rate was 20 Hz. Mass to charge ratio (m/z) range was set between 33 and 280. Spectra 145 were collected at 6 scans sec -1 and electron multiplier voltage was set to 1400 V. The 146 detection of trace three MPs was carried out using selected ion monitoring. Mass 147 channels were m/z = 124, 137 and 152 for IPMP, m/z =124, 138 and 151 for SBMP, m/z 148 = 94,124 and 151 for IBMP with 50 ms dwell times. Therefore, m/z =137, 138 and 124 149 were used for quantification for IPMP, SBMP and IBMP, respectively. The MS detector 150 was auto-tuned every day. SIM mode was used for all quantification analysis includingvalidation of analytical method; estimation of IPMP, SBMP, and IBMP releases per 152 beetle mass and per beetle and direct injection method. 153
Heart-cut valve based on Dean's switch concept was located between the pre-154 column and analytical column. In such a dual column system, the heart-cut valve was 155 used to transfer specific pre-separated retention regions with characteristic H. axyridis 156 odor from the pre-column (and the entire sample matrix) to the analytical column. 157
Transferring only the selected odor-causing compounds to the analytical column was 158 done to improve the quality of olfactometry and chemical analyses by reducing the 159 background signals from other odorless or less relevant compounds. In this research, 160 finding the specific odor-causing compounds was first accomplished by GC-O analyses 161 on the pre-column with trained panelists at the sniff port. The specific retention time 162 regions with characteristic odors were selected based on reproducible odor detection 163 start/end times. Then, in the subsequent sample analyses, the heart-cut times were set 164 with the MultiTrax™. In the follow up GC run, only the narrow segments of 165 chromatographic effluent that contained the characteristic odors of interest from the pre-166 column separation were then transferred to the analytical column and analyzed 167 simultaneously with the MS detector and a trained panelist at the sniff port. 168
Sensory evaluations were made through the sniff port equipped with two capillary 169 columns. Only one of them was allowed to deliver a sample to a panelist depending on 170 the instrument mode. The split ratio between the MS and the sniff port was 1:3. The 171 temperature for the sniff port capillaries was set to 220 °C to eliminate condensation. In 172 addition, humidified air (Certified breathing air grade, 99.995% purity, Praxair, Inc., 173
Danbury, CT, USA) was constantly delivered to the sniff port at 8.0 psi. This was done tomaintain a constant humidity level for the panelists' mucous nasal membranes. The tip of 175 the sniff port was equipped with a glass nose cone (SGE, Austin, TX, USA). The 176 olfactory responses of panelists were recorded as aromagrams using Aromatrax software 177 by applying an odor tag (odor event) to a peak or a region of the chromatographic 178 separation. The odor tag (odor event) consisted of editable odor character descriptors, an 179 odor event time span and perceived odor intensity. The aroma intensity was measured 180 with a 0-100 % point scale (100% indicated strongest odor and 0% indicated no odor). Field collected beetles were separated by color, into two groups of either yellow or 212 orange. Multiple sets of randomly-selected five live from each group of H. axyridis were 213 then placed in screw-capped vials (40 mL, Supelco, Bellefonte, PA, USA) sealed with a 214 polytetrafluoroethylene (PTFE)-lined silicone septum and used for in vivo HS-SPME. 215
The vials were cleaned with powered detergent (Alconox, Inc., NY, USA) and were 216 rinsed with hot water and pure water, then dried at 110 ºC overnight prior to use. Empty 217 vials and with five live H. axyridis within each vial were weighed by an electronic 218 balance. Each vial with beetles was allowed to equilibrate for 24 h before HS-SPME at 219 30 ºC. Headspace SPME sampling was initiated by piercing the septum with the SPME 220 needle and exposing the SPME fiber to the gases in the vial. Sampling of headspace 221 volatiles with SPME were performed with a manual fiber holder from Supelco 222 (Bellefonte, PA, USA). Headspace samples from live beetles only were considered for 223 analyses, i.e., if the beetles died during sampling, the samples were discarded. 224
Five types of SPME fibers were first examined for MPs extraction efficiency: 225 polydimethylsiloxane (PDMS) 100 µm, 85 µm polyacrylate (PA), 50/30 µm 226 divinylbenzene/Carboxen/polydimethylsiloxane (DVB/Carboxen/PDMS), 65 µm 227 divinylbenzene/polydimethylsiloxane (DVB/PDMS), and 85 µm Carboxen/PDMS 228 (Supelco, Bellefonte, PA). New fibers were used in this study. We counted the 229 extraction-desorption times for each fiber to be less than 40 times maximum for the most 230 used SPME fibers in this study. We did not observe any detrimental effects related to 231 SPME fiber longevity nor we observed any problems with the reproducibility. We 232
routinely check the quality of new (unused fibers) under microscope and return them to 233 manufacturer if there are obvious cracks and flaking that will affect the performance of a 234 SPME fiber. It is critically important to check the performance of the SPME fiber 235 coatings especially when they are being heavily used and perform extractions from liquid 236 phase. 237
Before use, each fiber was conditioned in a heated GC splitless injection port 238 under helium flow according to the manufacturer's instructions. Sampling time for HS-239 SPME of MP standards was first varied from 1 min to 24 h at 25 ºC to determine the 240 optimal SPME extraction conditions ensuring detection of characteristic odorants. After 241 extraction, the SPME fiber was removed from the vial and immediately inserted into the 242 injection port of GC for analysis. The desorption time of SPME fiber was 40 min at 260 243 ºC. The desorption time was not optimized since it had no effect on the overall 244 throughput of samples analyzed with a fulltime panelist participation. 245 
Effects of SPME extraction time on MPs and characteristic odors released from live 284 H. axyridis 285
To determine the relationship between time and MPs extraction we varied 286 exposure periods of SPME fibers to the headspace of five live H. axyridis from 1 min to 287 24 h at a constant temperature (30 ºC). Mass selective detector response measured as the 288 mean peak area counts for these four MPs and their single ion integration were used toevaluate the effects of SPME extraction time on those characteristic compounds released 290 by live H. axyridis (Figure 2 ). Abundance of MPs followed a linear trend with increasing 291 SPME extraction time for all compounds tested, especially SBMP and IPMP (R 2 > 0.99). 292
Adsorbed amounts of MPs progressively increased with no evidence of reaching sorption 293 equilibrium within the test time range (up to 24 h). There was also an effect of SPME 294 extraction time on odor intensity for the series of MPs tested (Figure 3) . In general, 295 longer extraction time resulted in an increase in the odor intensity associated with these 296 characteristic compounds. In all subsequent experiments, extraction time was set at 24 h. 297 Table 2 , i.e., 'sewer, skunky, fecal' (aroma peak #1, start time=1.75 min), 'foul' 317 (aroma peak #3, start time =3.13 min), 'sweet' (aroma peak #5, start time =5.48 318 min), 'mushroom, earthy, moldy, (aroma peak #11, start time=11.95 min), ,'burnt' 319 (aroma peak #18, start time=18.14 min), 'earthy, moldy' (aroma peak #20, start 320 time=21.20 min), 'moldy, musty' (aroma peak #22, start time=21.20 min), 321
and 'herbaceous' (aroma peak #23, start time=21.94 min). These compounds were 322 extracted below the GC-MS detection limit but higher than its odor detection threshold, 323
i.e., their presence was detected by panelists through GC-O and not readily apparent on 324 the resulting total ion chromatogram. This illustrates cases where the use of human nose 325 as a detector in analytical work could be advantageous in finding and identifying of 326 compounds that are 'overlooked' and 'missed' even with sensitive chemical detectors. 327 328
Identification of methoxypyrazines released by live H. axyridis 329
According to previous studies, it is well known that pyrazines are secreted by 330 lady beetles [2] [3] [4] [5] . In this study, the four characteristic odors closely resembling the 331 entire headspace of live beetles were identified as DMMP, IPMP, SBMP and IBMP 332 (Table 2 ). The familiarity with the overall odor of beetles and their 'characteristic' odor 333 was determined in preliminary training of all panelists. We kept live beetles in 40 mL 334 vial for several hours and then opened the cap of the vial, and panelists smelled the odor 335 from the opened vial as part of the training. This organoleptic evaluation of the 336 headspace was continued during the controlled experiments. The only difference was 337 that these evaluations were conducted after SPME extractions from the headspace. The 338 overall odor of live beetles was a mix of 'roasted peanut, nutty, potato, green bell pepper' 339 odor characters. 340
In order to identify the characteristic odors from live H. axyridis, three panelists 341 analyzed headspace volatiles released by live H. axyridis through a sniff port. The 342 panelists consistently identified four 'characteristic' odors, describing them as either 343 'moldy', earthy', 'green bell pepper', 'potato', 'peanut', 'nutty' that resulted from four 344
MPs emitted from the headspace of live H. axyridis. The average odor intensity of four 345
MPs for three panelists was 58% for DMMP, 71% for IPMP, 36% for SBMP and 59% 346 for IBMP, respectively. The odor intensity of IPMP was the highest among all MPs 347 identified. The reproducibility of the odor intensity of three panelists expressed as RSD 348 were 19% for DMMP, 1% for IPMP, 15% for SBMP and 17% for IBMP, respectively. 349
Besides these four MP's, there were several other compounds with 'nutty' , 'moldy' 350 and/or 'musty' descriptors identified by panelists as well, including: 'camphene' 351 (compound #14), 'mushroom/earthy/moldy' (aroma peak #11), 'earthy/moldy' (aroma 352 peak #20), 'moldy/musty' (aroma peak #30) and 'musty' (aroma peak #27). However, the 353 average odor intensity of these compounds emitted from headspace of live H. axyridis 354 was less than 20% and the odor duration time of these compounds was very short. later discussed in Table 4 ) based on probability matching. However, IBMP was 362 identified by matching the retention time of standard compound and matching the odor 363 character. One compound was consistently tagged by all panelists with the characteristic 364 odor, i.e., 'roasted peanuts' and later tentatively identified as DMMP with a mass 365 spectrum match greater than 90 % when using the BenchTop/PBM library. Seifert et al. 366
[8] reported 'roasted peanut' aroma and tentatively associated it with methyl MPs without 367 specifically pointing to DMMP. The release of IPMP, SBMP, and IBMP from dead 368 beetles has been reported in previous studies (Table 1) evaluate their odor impact. The dual-column GC system equipped a 'heart-cut' valve can 399 divert (and isolate) a specific retention region with compounds and aroma of interest 400 from the pre-column (non-polar) to the analytical column (polar) to enhance resolution 401 and to minimize the interferences from coeluting compounds and aromas. 402
The instrument was first set to GC-FID-O mode with no heart-cut by utilizing the 403 sniff port to identify specific GC pre-column retention times for which eluants exhibit 404 characteristic odor. SBMP and IBMP, the odor events were merged. When the pre-column heart-cut times 412
were set from 9.00 to 13.00 min and a second replicate was analyzed, only heart-cuts 413 (small segments) of chromatographic effluent were further separated on analytical 414 column and analyzed simultaneously by the MS detector and a panelist at the sniff port. 415
Resulting total ion chromatogram, FID chromatogram and aromagram of heart-cut 416 effluent in MDGC-MS-O mode of volatiles released by H. axyridis is shown in Figure 6 . 417
The number of aromas was significantly reduced to 7 from 28 in GC-MS-O mode (Figure  418 4). However, IPMP still coeluted with 2-ethyl-1-hexanol. Then, narrower heart-cut times 419 were set from 9.00 to 11.50 min to try to isolate IPMP from 2-ethyl-1-hexanol. As can be 420 seen in Figure 7 , the separation of IPMP and 2-ethyl-1-hexanol was much improved even 421 though it was not a baseline separation. Furthermore, the number of aromas was reduced 422 to 2 making it easier for the panelist to record aroma events and then to establish the link 423 with specific chemical. The EI-MS spectrum of IPMP from live H. axyridis is shown in 424 The odor character of IPMP, SBMP and IBMP was very similar to that of 'green 428 bell peppers' and 'potatoes'. The odor character of DMMP has been described as 'moldy' 429 and 'earthy' (Table 2) The RSDs at different concentrations were less than 8.7% (Table 3) . For the 0.1 ng L -1 446 concentration, the intra-and inter-day precision for the three MPs were < 3.9 and 7.8 %. 447
The linearity ranges, linear regression equation and R 2 for HS-SPME-GC-MS 448 method are summarized in volatized to headspace and that headspace extractions are exhaustive under the optimized 454 SPME extraction conditions. The sample mass recovery was 96% for IPMP, 99% for 455 SBMP and 98% for IBMP, respectively, in the first extraction. The RSDs varied from 456 2.4% to 6.2% (n = 3) for three MPs for the first extraction and from 2.6% to 9.2% (n = 3) 457 for the second extraction. 458
The sensitivity of HS-SPME method was compared with direct injection method. 459
The direct injection method was also used to calibrate MS detector. The linear regression 460 equations and R 2 for direct injection calibration curves were based on six standard 461 concentrations (10, 50, 100, 500, 1000, 10000 µg L -1 ) and are also presented in Table 4 . The MDLs for HS-SPME-GC-MS were estimated using equation 1 and are listed 468 in Table 4 . The MDLs were estimated and compared for the two approaches used to 469 isolate MPs; (a) HS-SPME-multidimensional-GC-MS, i.e., with heart-cut and (b) HSSPME-GC-MS without heart-cut. The MDLs were estimated based on the experiment 471 with 10 replicate HS-SPME extractions of the MPs at the lowest concentration (0.1 ng L -1 ) 472 of linearity range using equation 1 Figure 9 ). This is likely due to the uncertainties associated with measured 519 low concentrations near the estimated MDL. However, if the calibration curve for IBMP 520 is plotted through the origin, there was a linear relationship for IBMP (R 2 =1.0000) 521 between two methods (direct injection vs. HS-SPME). The slopes of regression line for 522 three MPs were greater than 0.82 indicating that both methods were in good agreement. 523 524
Conclusions

525
In vivo HS-SPME combined with multidimensional GC-MS-O has a great 526 potential for investigating links between specific chemicals released by insects and their 527 characteristic odors. In this research, 50/30 µm DVB/Carboxen/PDMS SPME fiber was 528 used to extract headspace volatiles released by live H. axyridis. Thirty eight compounds 529 were identified in headspace of live H. axyridis including four characteristic odorous 530 compounds-DMMP, IPMP, SBMP and IBMP. We detected a previously unidentified MP 531 (DMMP) that appears to be also a component of H. axyridis's odor. We also provided 532 conclusive evidence that IPMP released within the headspace of living H. axyridis is 533 responsible for their characteristic odor. Quantification of three MPs (IPMP, SBMP and 534 IBMP) emitted from live beetles was performed using external calibration curves by HS-535 SPME-MDGC-MS. Linear relationships (R 2 was > 0.9958 for all 3 MPs) were observed 536 over a concentration range from 0.1 ng L -1 to 0.05 µg L -1 . The MDLs were estimated at 537 These MDLs obtained with multidimensional GC-MS with heart-cut approach represent 539 52.2%, 52.4%, and 38.9% improvement compared to GC-MS without heart-cut approach. 540
For the 0.1 ng L -1 concentration, the intra-and inter-day precision for the three MPs were 541 less than 3.9 and 7.8 %. Using the HS-SPME-MDGC-MS method we estimated that live 542 
